Reports from the United States have demonstrated that elevated markers of microbial translocation from the gut may be found in chronic and advanced HIV-1 infection and are associated with an increase in immune activation. However, this phenomenon's role in HIV-1 disease in Africa is unknown. This study examined the longitudinal relationship between microbial translocation and circulating inflammatory cytokine responses in a cohort of people with varying rates of HIV-1 disease progression in Rakai, Uganda. Multiple markers for microbial translocation (lipopolysaccharide, endotoxin antibody, and sCD14) did not change significantly during HIV-1 disease progression. Moreover, circulating immunoreactive cytokine levels either decreased or remained virtually unchanged throughout disease progression. These data suggest that microbial translocation and its subsequent inflammatory immune response do not have a causal relationship with HIV-1 disease progression in Africa.
HIV ͉ microbial translocation H IV type 1 (HIV-1) disease progression is believed to be caused in part by constant immune activation that detrimentally affects the immune system through a combination of direct loss of infected CD4
ϩ T lymphocytes and bystander cell killing, causing the slow decline of CD4 ϩ T cells, which eventually leads to acquired immunodeficiency syndrome (AIDS) (1) (2) (3) . Studies examining simian immunodeficiency virus (SIV) infection in primates and HIV-1-infected humans have demonstrated a significant loss of CD4 ϩ cells early in infection at mucosal barriers in the gastrointestinal tract, possibly leading to increased migration of bacteria and bacterial byproducts from the lumen of the gut into the portal bloodstream (4) (5) (6) (7) . This phenomenon, termed ''microbial translocation,'' results in increased levels of these bacterial byproducts in the bloodstream without evident bacteremia and has been reported in graftversus-host disease and inflammatory bowel disease (8) (9) (10) . This increase in bacterial byproducts, particularly lipopolysaccharide (LPS), was found to be associated with systemic immune activation in these ailments (8) (9) (10) . This finding led to several cross-sectional studies carried out in patients in the United States, which demonstrated that different stages of HIV-1 disease were associated with changes in markers for microbial translocation, including higher circulating LPS levels, decreased endotoxin core antibody (EndoCAb) levels, and higher levels of monocyte activation (10, 11) . These markers also were found to be associated with increased levels of cellular and innate immune activation (10) . Based on these findings, it was theorized that the gastrointestinal-associated CD4 cell loss increased rates of microbial translocation across the gut, causing a systemic inflammatory immune response, which in turn is associated with increased HIV-1 disease progression (10, 12) . To further explore the relationship of microbial translocation, immune activation, and HIV-1 disease progression, we measured markers of microbial translocation and levels of circulating inflammatory cytokines longitudinally in a cohort of HIV-infected Africans with different rates of disease progression from preinfection to death.
Results

Baseline Levels of Microbial Translocation Markers Differ Between
African and U.S. HIV-Uninfected Subjects. To directly examine the relationship of microbial translocation, inflammatory cytokine response, and HIV-1 disease progression, 107 African individuals with known years of HIV-1 seroconversion between 1994 and 2000 were identified in a community cohort under annual surveillance in Rakai, Uganda. These individuals were stratified into 3 progression groups according to known disease outcomes: long-term nonprogressors (LTNPs; n ϭ 27), standard progressors (SPs; n ϭ 41), and rapid progressors (RPs; n ϭ 39) ( Table  1 ) (13) . Seroconverters were identified as individuals who had a negative HIV-1 serologic test followed by a subsequent positive test the next year. Archived serum samples from the last HIV-1-seronegative time point (baseline/year 0) and all later positive time points (years 1, 2, 3, etc.) were used in subsequent assays. The median age at infection, sex, and subtype distribution did not differ significantly among the progression groups. As expected, the HIV-1 viral load setpoint was lower in the LTNP group compared with the other 2 progression groups (P Ͻ .001) (14) .
Evidence of microbial translocation was measured by examining circulating levels of LPS, EndoCAb, LPS binding protein (LBP), and soluble CD14 (sCD14) in all longitudinal samples from the African subjects and also in a comparison group of U.S. HIV-negative individuals, included to examine any underlying population differences in the immune and microbial translocation markers tested (10) . The comparison group was 62.5% African-American and 50% female, with a median age of 53 years. Levels of circulating LPS, a component of Gram-negative bacterial cell walls, and baseline LBP levels, which increase in response to higher LPS levels, did not differ between the African HIV-1-negative baseline samples and U.S. HIV-1-negative comparison group (Fig. 1A and B) ; however, baseline levels of EndoCAb were significantly higher in the African subjects (P Ͻ .001) (Fig. 1C) . In addition, levels of sCD14, which binds LPS and is an indicator of monocyte activation, were significantly lower in the African subjects at baseline (P Ͻ .05) (Fig. 1D) . These data indicate that the underlying levels of EndoCAb were elevated in the African individuals, but that this elevation was restricted to antibody levels and was not indicative of a more activated LPS-induced immune response.
Levels of LPS, EndoCAb, and sCD14 in HIV-Infected Africans Remain
Relatively Stable Throughout Disease Progression. To assess whether longitudinal changes in the microbial translocation markers differed among the disease progression groups, a linear multilevel regression model was fitted for each marker, and the slopes were compared to assess differences in the progressor groups ( Fig. 2; individual subject analysis is shown in Fig. 3 ). There were no significant differences in LPS levels among the HIV-1 progression groups over time (Fig. 2 A) . There was also no significant change in LPS levels in any of the groups even at the later disease stages (Fig. 3A-C) . LPS is quickly removed from the circulation in healthy individuals and can be difficult to measure Group dynamics, HIV-1 subtype distribution, and viral setpoint for LTNPs (CD4 Ͼ 600 at 7ϩ years postinfection), standard progressors (death Ͻ 9 and Ͼ 5 years), and rapid progressors (death Ͻ 4 years) are shown. Subtype percentages were calculated from patients with known subtypes. Median values (25%-75%) for viral load setpoint and age are shown. *Statistical significance is shown (P Ͻ .001, Kruskal-Wallis ANOVA on ranks). accurately, especially at low levels; therefore, other markers for longitudinal changes in microbial translocation were examined.
B C LPS HIV-uninfected US vs
Cross-sectional studies from the United States have found lower EndoCAb levels in individuals in the acute/early phase of HIV-1 infection compared with uninfected controls (10) . These levels are even lower at later disease stages, dependent on the individual's progression status (10, 11) . In the African subjects, EndoCAb levels remained relatively constant over time (Fig.  3D-F) , and there were no significant differences in the slopes of the regressions among the 3 disease progression groups (Fig. 2B) .
Cross-sectional U.S. studies also have demonstrated increased LBP and sCD14 levels at later stages of HIV-1 infection (10, 11) . The longitudinal analysis of LBP levels in the standard and rapid progression groups found elevated LBP levels in the African subjects as well (Figs. 2C and 3H and I). This increase was significantly lower in the LTNP progression group compared with the standard and rapid progression groups, in agreement with previous U.S.-based data that demonstrated virtually no increase in LBP levels among HIV controllers (Figs. 2C and 3G) (10) . However, sCD14 levels did not consistently increase in the African subjects (Fig. 3 J-L) , and there were no differences in the slopes of the regressions among the 3 progression groups (Fig.  2D ). There also was no difference when these data were analyzed according to gender. These data suggest that the increased LBP levels observed at later disease stages in the standard and rapid progression groups may not be directly associated with higher levels of circulating LPS.
Baseline Levels of Circulating Cytokine Levels Differed Between the
African and U.S. Comparison Groups.
A primary effect of increased microbial translocation is an enhanced proinflammatory cytokine response, which can differ between Western and African subjects (2, 10, 12, (15) (16) (17) (18) (19) . This increase in inflammatory cytokines has been hypothesized to contribute to the heightened immune state found in HIV-infected individuals in the United States (2, 12) . Consequently, levels of 9 proinflammatory cytokines were examined to explore the association of cytokine induced-immune activation with LPS translocation and HIV-1 disease progression as a whole in the African population. At baseline, significantly higher levels of GM-CSF, IFN-␥, IL-8, and IL-2 were detected in the African subjects compared with the U.S. subjects (Fig. 1E-H) ; however, TNF-␣ levels were lower in the African subjects (Fig. 1I) . No differences in baseline levels of IL-1␤, IL-6, IL-10, or IL-12p70 were found [supporting information (SI) Fig. S1 ].
Levels of Circulating Inflammatory Cytokines Decrease During HIV-1
Disease Progression in African Patients. Linear multilevel regression analysis was used to assess whether longitudinal changes in specific cytokine levels differed among the disease progression groups (Table 2 ; individual subject analysis is shown in Fig. S2 ). IFN-␥ levels differed among the 3 groups, with the SPs demonstrating increasing levels over time ( Table 2 ). The SPs also displayed an increase in IL-6 levels compared with the other 2 groups. TNF-␣ levels were significantly increased in both the standard and rapid progression groups compared with the LTNP group; however, the differences in the slopes of TNF-␣, IFN-␥, and IL-6 often were small, and the possible effects of these changes on activity levels is unknown (Table 2) . microbial translocation and the inflammatory cytokine response. To assess whether this was the case in our African study population as well, the cytokine levels and markers for microbial translocation were examined for significant associations (Table  S1 ). As expected, GM-CSF, IFN-␥, IL-1␤, IL-2, IL-6, IL-8, IL-10, IL-12p70, and TNF-␣ were found to be significantly correlated with one another to varying degrees (Table S1 ). In addition, weak positive correlations were observed between TNF-␣ and IL-6 with LBP and sCD14, and weak negative correlations were found between IL-8 and LBP and between IL-12p70 and sCD14 ( Fig. S3 and Table S1 ). LBP and sCD14 levels were significantly correlated (r ϭ 0.424, P Ͻ .001), as were sCD14 and EndoCAb levels (r ϭ 0.112, P Ͻ .05), but both sCD14 and LBP levels were negatively correlated with LPS levels (Fig. S3 and Table  S1 ). EndoCAb levels were not correlated with LPS levels, differing from previous U.S.-based findings (Table S1 ) (10, 11) . These data further highlight the limited effect of microbial translocation on HIV-1 disease in this African population. Linear multilevel modeling fit slopes in the log scale of each group are shown with the 95% CI on each graph, with significance noted by an asterisk (P Ͻ .05). Patient-specific color-coding is consistent throughout multiple assays within the denoted progression group (Fig. S2) .
Discussion
In the longitudinal cohort study of HIV-1-infected African subjects, no differences in the levels of circulating LPS were observed among the 3 HIV-1 disease progression groups over time. This finding suggests that LPS levels had little effect on the rate of HIV-1 disease progression in this population. It should be noted that previous studies examining this phenomenon in the United States and Europe were cross-sectional and do not necessarily reflect changes within individuals over time; therefore, it is impossible to directly compare the present results with those reported previously (10, 11, 20) . However, the present study did assess individual and group changes, and found no evidence of a systematic increase in LPS level over time in this population. It also has been previously reported that EndoCAb level is lower in patients in later disease stages (10, 11) . EndoCAb is produced by B cells in a T cell-dependent manner, which could be detrimentally affected during chronic HIV-1 infection (21, 22) . But no systemic changes in EndoCAb level were found in our African subjects or among the 3 disease progression groups over time. This finding could be due to the observation of significantly higher EndoCAb levels in the African subjects before seroconversion, most likely related to differences in sanitation between the U.S. and African environments, and the endemic parasitic and bacterial disease load in the African population. It also is possible that genetic differences between the 2 uninfected populations affected the differences observed; however, the U.S. comparison group was predominantly African-American, which should limit this effect (23) . EndoCAb levels in the African subjects remained consistently high throughout infection regardless of progression status, which may explain in part why circulating LPS levels did not increase in the African subjects. This would further support the hypothesis that elevated LPS level does not directly affect HIV-1 disease progression in Africa. LBP level increased in the standard and rapid progression groups at significantly higher rates compared with the LTNP group. This increase did not result in a consistent increase in sCD14 level over time, however, even though the 2 levels were closely correlated. This discrepancy suggests that an increase in LBP level may not affect activation of the monocyte population without an increase in LPS level, regardless of HIV-1 disease progression status. The sCD14 levels were significantly higher in the uninfected U.S. individuals compared with the African subjects at baseline. This could indicate heightened monocyte activation in the U.S. population; however, a more detailed cellular analysis is needed to determine whether this is the case. It should be noted that peripheral blood mononuclear cell samples were not available for the African subjects, limiting the ability of this study to fully characterize the state of the cellular immune response in these subjects.
The differences in increased baseline levels of IL-2, IFN-␥, IL-8, TNF-␣, and GM-CSF in the African subjects indicates an underlying difference in the immune activation level of Africans, consistent with previous findings (2, 18, 24) . The subsequent decreasing levels of GM-CSF, IL-1␤, IL-2, IL-8, IL-10, and IL-12p70 found in all 3 African progression groups was surprising and differed from previous reports (2, 15, 17, 18, 25) . One possible explanation for this apparent discrepancy is that many of the previous reports of increased cytokine production were based on increased cellular cytokine production ex vivo, whereas the present study examined total circulating cytokine levels. The lower circulating cytokine levels observed here suggests that the increased production by cytokine-producing cells observed ex vivo cannot compensate for the decreased number of total immune cells found in HIV-infected individuals (16) . Therefore, the heightened cellular immune state that is believed to play an important role in HIV disease progression is most likely a directed response centered in areas where increased numbers of immune cells are found, such as lymph nodes, but may not be reflected in the bloodstream.
In conclusion, this longitudinal study found no evidence of consistent changes in markers of microbial translocation or immune activation associated with microbial translocation over time in HIV-1-infected African subjects. It also demonstrated no differences in these markers among African subjects with differing rates of HIV-1 disease progression. These findings seemingly disagree with results from previous cross-sectional studies performed in the United States (10, 11) . One possible explanation for this difference may be that the present study was longitudinal, allowing for within-subject evaluation from preinfection through AIDS in the context of different rates of disease progression, whereas the U.S. cross-sectional studies evaluated groups of uninfected, acute/early infection, chronic infection, and AIDS subjects. Although the African subjects were evaluated within the first year of HIV-1 infection, the present study did not directly examine acute infection (10) . Studies examining microbial translocation in the United States and Europe have consisted of predominantly male populations who most likely contracted the disease through homosexual sex or intravenous drug use, whereas the HIV-infected African population studied here is exclusively heterosexual (11, 26, 27) . Therefore, mode of transmission may play a role in the differences observed between these populations. Another potential explanation for the different findings is that Africans have higher preinfection levels of endotoxin antibody as well as differences in certain cytokine levels due to environmental exposure to intestinal infections, which could alter their immunologic responses during subsequent HIV infection. It also is possible that the different cytokine levels and microbial translocation markers observed in HIV-1-infected individuals in the present study and previous studies might be a symptom, not a direct cause of HIV-1 disease Longitudinal variation in cytokine levels per group was determined using linear multilevel modeling fit in the log scale for each group with slopes shown (95% CIs). Significant inequality in slopes across groups is indicated in bold (P Ͻ .05). Individual subject analysis is shown in Fig. S2. progression, but further research is needed to explore this possibility. Although exact explanations for these results are unclear, it seems evident from these data that microbial translocation and its subsequent immune effects do not appear to have a causal relationship with HIV-1 disease progression in the African population.
Materials and Methods
Study Population. African individuals were identified from known HIV-1 seroconverters who were part of a community cohort under annual surveillance in Rakai, Uganda from 1994 to 2000 (28) . Seroconverters were identified as individuals who had a negative serologic test for HIV followed by a subsequent positive test a year later. Archived serum samples from the last HIV seronegative time point (year 0) and all subsequent HIV seropositive time points (years 1, 2, 3, etc.) were used in subsequent assays. All African and U.S. comparison group samples were stored continuously at or below Ϫ70°C, which should stabilize the cytokines and proteins tested in this study. Due to temporary absences and outmigration, not all subjects had complete sequences of follow-up samples. Sample availability of all subjects per time point ranged from 94% to 35%, with the later time points having lower percentages of samples available. The seroconverters were classified into 3 groups according to known disease outcome parameters: LTNPs (CD4 lymphocyte count Ͼ600 cells/L at 7ϩ years after seroconversion), SPs (death Ͼ5 years but Ͻ9 years after seroconversion), and RPs (death Ͻ4 years after seroconversion). All subjects were antiretroviral treatment (ART)-naïve throughout the study. ART became available in Rakai only after June 2004, and persons initiating ART after that time were not included in this study.
Serum samples also were obtained from 24 HIV-negative U.S. patients from the Johns Hopkins Emergency Department to serve as a comparison group for any differences in baseline levels between the African and U.S. subjects.
Institutional Review Board approvals were obtained from the Uganda Virus Research Institute's Scientific and Ethics Committee, the Uganda National Council for Science and Technology, and the Institutional Review Boards of collaborating U.S. institutions (Walter Reed Army Institute of Research, Columbia University, and Johns Hopkins University).
Serum LPS, EndoCAb, LBP, and sCD14 Levels. LPS level was determined according to the modified version of the limulus amebocyte lysate assay described by Brenchley et al. (10) (Cambrex). EndoCAb (Hycult Biotechnology), LBP (Hycult Biotechnology), and sCD14 (R&D Systems) were quantified with ELISA assays according to the manufacturer's recommendations.
Proinflammatory Serum Cytokine Levels. Levels of IFN-␥, TNF-␣, GM-CSF, IL-1␤, IL-2, IL-6, IL-8, IL-10, and IL-12p70 were quantified using a multiplex electrochemiluminescence detection system (Meso-Scale Discoveries), according to the manufacturer's instructions. Cytokine level detection ranges were determined from analysis of standard curves for each run and averaged Ϸ1-10,000 pg/mL. Viral Characteristics. Serum HIV-1 RNA concentrations (viral loads) were determined using an Amplicor v1.5 (Roche Diagnostics) with setpoints determined as described previously (14) . Viral subtype was determined by either direct sequencing of multiple regions or multiregion hybridization assay and designated as subtype A, D, or recombinant (26, 28) .
Statistical Analysis. Baseline HIV-uninfected levels of LPS markers and cytokines and HIV-positive viral loads were compared using a Mann-Whitney Rank sum test. LPS markers and cytokine levels over time were assessed for each disease progression group by comparing slopes of the log-transformed measurements for each marker using linear multilevel modeling fit, which estimates the slope for the group allowing for varying numbers of data points per subject. Nonlinear relationships also were examined for the longitudinal analysis and were found to be not applicable. The slope of the regression for each group along with the 95% confidence interval (CI) are shown on each graph, with significant P values (Ͻ .05) noted for inequality across groups.
